ABSTRACT P4-ATPases are a family of putative phospholipid flippases that regulate lipid membrane asymmetry, which is important for vesicle formation. Two yeast flippases, Drs2 and Neo1, have nonredundant functions in the recycling of the synaptobrevin-like v-SNARE Snc1 from early endosomes. Drs2 activity is needed to form vesicles and regulate its own trafficking, suggesting that flippase activity and localization are linked. However, the role of Neo1 in endosomal recycling is not well characterized. To identify novel regulators of Neo1 trafficking and activity at endosomes, we first identified mutants with impaired recycling of a Snc1-based reporter and subsequently used high-content microscopy to classify these mutants based on the localization of Neo1 or its binding partners, Mon2 and Dop1. This analysis identified a role for Arl1 in stabilizing the Mon2/Dop1 complex and uncovered a new function for Vps13 in early endosome recycling and Neo1 localization. We further showed that the cargo-selective sorting nexin Snx3 is required for Neo1 trafficking and identified an Snx3 sorting motif in the Neo1 N-terminus. Of importance, the Snx3-dependent sorting of Neo1 was required for the correct sorting of another Snx3 cargo protein, suggesting that the incorporation of Neo1 into recycling tubules may influence their formation.
INTRODUCTION
Vesicle trafficking is a highly conserved process that requires the intricate coordination of cargo recruitment, coat formation, and lipid dynamics. Phospholipid flippases are members of a family of P4-type ATPases that translocate phospholipids from the luminal to the cytosolic leaflet of the membrane bilayer and are important for trafficking at the Golgi and endosomes (Muthusamy et al., 2009) . By selectively increasing the number of phospholipids in one leaflet, flippases induce membrane bending, which promotes vesicle budding. The flipping of the negatively charged phospholipid phosphatidylserine (PS) also changes membrane electrostatics, which is needed to recruit specific components of the transport machinery (Graham, 2004; van Meer et al., 2008; Muthusamy et al., 2009; Sebastian et al., 2012; Xu et al., 2013; Takeda et al., 2014) .
The yeast Saccharomyces cerevisiae has five putative flippasesDnf1, Dnf2, Dnf3, Drs2, and Neo1 (Catty et al., 1997; Halleck et al., 1998; Hua et al., 2002) -which have partially overlapping steadystate localizations. Dnf1 and Dnf2 are found largely on the plasma membrane and are important for maintaining cell polarity (Liu et al., 2007; Sartorel et al., 2014) . Conversely, Neo1, Drs2, and Dnf3 are present in internal structures that colocalize with Golgi and/or endosomal markers and may regulate vesicle trafficking (Hua et al., 2002; Wicky et al., 2004; Furuta et al., 2007; Liu et al., 2008; Hanamatsu et al., 2014; Wu et al., 2016) . Despite their partially overlapping distributions, yeast flippases are believed to be functionally distinct Graham, 2011, 2012; Baldridge et al., 2013; Takar et al., 2016) .
Drs2 is the only yeast flippase shown to translocate lipids in a cell-free system (Natarajan et al., 2004) . However, other yeast flippases maintain lipid asymmetry in vivo and exhibit different Monitoring Editor Benjamin S. Glick University of Chicago trafficking of Neo1, we first used a genome-wide screen to identify the set of viable mutants that cause internal accumulation of an Snc1-based reporter ( Figure 1A) . Levels of the green fluorescent protein (GFP)-Snc1-Suc2 (GSS) chimera can be quantified by measuring the activity of invertase (Suc2) exposed at the cell surface using an agar plate-based assay (Burston et al., 2008; Dalton et al., 2015) . The set of mutants with higher cell surface reporter levels were previously used to uncover endocytosis regulators (Burston et al., 2009 ). Here we focused on the subset of mutants with reduced cell surface levels of the Snc1 chimeric reporter ( Figure 1B and Supplemental Table S1 ).
We identified 275 top-scoring mutants using Cutoff Linked to Interaction Knowledge (CLIK) analysis, which sets a threshold based on the enrichment of genetic and physical interactions (Supplemental Table S2 ; Dittmar et al., 2013) . Several of these mutants corresponded to known Snc1 regulators, including proteins involved in vesicle formation (sorting nexins Snx4 and Atg20, epsins Ent3 and Ent5), vesicle tethering (Golgi-associated retrograde protein complex [GARP] subunits), and the Drs2 noncatalytic subunit Cdc50 (Hua et al., 2002; Conibear et al., 2003; Hettema et al., 2003; Zimmermann et al., 2010) . We also identified the flippase Dnf3, its noncatalytic subunit Crf1 (Saito et al., 2004) , and a variety of other proteins, including kinases, phosphatases, and vesicle biogenesis proteins not previously associated with Snc1 transport ( Figure 1C ). Other hits, which corresponded to known regulators of DNA/RNA synthesis or mitochondrial function, may have indirect effects on Snc1 or Neo1 trafficking and were not pursued further, leaving 128 candidate mutants (Supplemental Table S2 ).
We next used high-throughput microscopy and quantitative image analysis to identify which of these 128 mutants altered Neo1 trafficking or the localization of the Neo1-interacting proteins Dop1 and Mon2 ( Figure 1D ). Neo1 was tagged with GFP at its N-terminus, which was previously determined not to alter its function (Wicky et al., 2004) , and expressed from the ADH promoter at the chromosomal locus, which provided a bright signal without noticeably affecting localization . Synthetic genetic array (SGA; Tong and Boone, 2006) techniques were used to generate a set of haploid mutants coexpressing ADHpr-GFP-Neo1 and the Golgi marker Sec7-dsRed (McDonold and Fromme, 2014) . Parallel mutant arrays were constructed to compare the localization of ADHpr-RFPNeo1 with Dop1-GFP or Mon2-GFP. High-throughput imaging of haploid arrays containing each reporter combination was performed twice to reduce anomalies and ensure full coverage of the hit list.
Mutations that disrupt Neo1 transport at endosomes may result in its depletion from Golgi compartments and accumulation in the vacuole or endosomal structures. Other mutations may change the extent of Neo1 colocalization with Dop1 and Mon2. To detect these changes, we created in-house automated image quantitation pipelines that assessed the degree of Neo1 colocalization with cellular markers in an unbiased manner and determined the number of puncta per cell labeled by each marker. For all measurements, a normalized score (t-statistic) representing the deviation from the average value was calculated and is reported in Supplemental  Table S3 . Negative scores indicate reduced colocalization or reduced number of puncta, whereas positive scores indicate increases in these values. These scores were used to define three distinct sets of mutants ( Figure 1D ) that were investigated in detail.
Arl1 promotes stability of Dop1 complexes
The first set of mutants was selected based on altered association of Mon2 and/or Dop1 with Neo1 ( Figure 2A ). Mutation of GARP and conserved oligomeric Golgi complex (COG) subunits caused a specificities (Pomorski et al., 2003; Zhou and Graham, 2009; Baldridge et al., 2013) . Neo1 primarily regulates phosphatidylethanolamine (PE) asymmetry, and may also act on PS , whereas Drs2 preferentially flips PS but has some activity toward PE (Natarajan et al., 2004 Zhou and Graham, 2009 ). Dnf1 and Dnf2 prefer phosphatidylcholine (PC), PE, and their lyso-PE and lyso-PC derivatives (Pomorski et al., 2003; Riekhof and Voelker, 2006; Baldridge and Graham, 2011) . A single point mutation that changes the lipid preference of Dnf1 from PE to PS partially compensates for loss of Drs2 (Baldridge and Graham, 2011) . This suggests that flippases have distinct roles in the cell that are partially determined by their lipid specificity.
The activity and trafficking of Drs2 appear to be closely linked. Drs2 has an autoinhibitory C-terminal tail that interacts with regulators at the Golgi and endosomes. At the Golgi, binding of PI4P and the ArfGEF Gea2 to adjacent regions of this C-terminal tail synergistically stimulates Drs2 flippase activity Zhou et al., 2013) . Drs2 activity is needed for the formation of the AP-1 vesicles that carry Drs2 from Golgi to endosomes (Chantalat et al., 2004; Liu et al., 2008; Muthusamy et al., 2009) . At endosomes, the recycling protein Rcy1 binds at a similar site within the Drs2 C-terminus. Rcy1 binding and Drs2 activity are needed for Drs2 trafficking out of endosomes and for the recycling of other endosomal proteins (Furuta et al., 2007; Hanamatsu et al., 2014) . Thus flippases appear to regulate both vesicle formation and their own transport.
Several flippases contribute to the endosomal recycling of the vesicle-soluble N-ethylmaleimide-sensitive factor attachment protein receptor (v-SNARE) Snc1. Triple deletion of Dnf1/2/3 can cause Snc1-recycling defects; however, mutations in either Drs2 or Neo1 cause internal accumulation of Snc1 on their own (Hua et al., 2002; Takeda et al., 2014; Yamagami et al., 2015) , suggesting that they have a more significant role in Snc1 trafficking. Although the role of Drs2 in post-Golgi transport is relatively well studied, the endosomal requirement for Neo1 is less well understood and provides an interesting avenue for further study.
Few Neo1 regulators have been identified. Neo1 forms a complex with Dop1 and Mon2, which are also needed for Snc1 recycling, suggesting that these proteins regulate Neo1 activity or trafficking (Wicky et al., 2004; Efe et al., 2005; Gillingham et al., 2006; Barbosa et al., 2010; Yamagami et al., 2015) . We predicted that other proteins that control the post-Golgi trafficking or activity of Neo1 would also cause Snc1 trafficking defects. To systematically identify Neo1 regulators at endosomes, we used a genome-wide screen to find mutants that accumulate intracellular Snc1 and assessed the localization of Neo1 in these mutants using a highcontent microscopy screen. This approach identified several regulators of Neo1 transport, including the sorting nexin Snx3. Disrupting the Snx3-mediated sorting of Neo1 caused defects in the trafficking of another Snx3-dependent protein, supporting a model in which flippase activity at the site of vesicle formation is needed to stimulate vesicle transport.
RESULTS

A quantitative Snc1-based assay identifies potential regulators of Neo1
Mutating or depleting Neo1 causes defects in COPI retrograde transport from the Golgi to the endoplasmic reticulum (ER) and impairs the Golgi/endosome trafficking of Snc1 (Hua and Graham, 2003; Wicky et al., 2004; Mioka et al., 2014; Takeda et al., 2014; Yamagami et al., 2015) . Neo1's role at early endosomes, as opposed to its ER/Golgi function, is not expected to be essential for viability (Takeda et al., 2014) . To find genes that regulate the post-Golgi strong reduction in the colocalization of Neo1 with both Dop1 and Mon2. Of interest, a subset of mutants showed a specific decrease in the localization of Dop1 at Neo1-containing structures that was not seen with Mon2 ( Figure 2A ). This subset was enriched for components of the Arl pathway, including the small ARF-like GTPase Arl3, the Arl3 recruitment factor Sys1, and two components of the NatC acetyltransferase that modify Arl3 to enhance its binding to Sys1 (Mak10 and Mak3; Behnia et al., 2004) . The specific effect of Arl pathway mutations on the localization of Dop1 at Neo1 puncta was retested in the same strains and found to be significant, with p values ranging from 0.0128 (mak10∆) to <0.0001 (arl1∆; Figure 2B ).
To determine whether the reduced overlap was due to changes in Neo1 or Dop1 localization to membranes, we analyzed the average number of Dop1, Mon2, and Neo1 puncta/cell in these mutants. Loss of the GARP subunit Vps51 reduced Neo1 puncta without significantly affecting the number of Dop1 or Mon2 puncta, which is consistent with an observed missorting of Neo1 to fragmented vacuole structures in vps51∆ mutants, whereas Mon2 and Dop1 recruitment to membranes was unaffected (unpublished data). This suggests that GARP regulates Neo1 recycling at endosomes, as described for other flippases (Takagi et al., 2012) , and that Dop1 and Mon2 may be recruited to membranes independently of Neo1. Alternatively, GARP mutants may retain a small pool of Neo1 at Golgi/endosomes that is sufficient for Dop1/Mon2 recruitment.
The number of Dop1 puncta/cell was significantly reduced in arl1∆, arl3∆, and sys1∆ mutants when RFP-Neo1 was moderately overexpressed from the ADH promoter ( Figure 2C ) but not in arl mutants expressing untagged Neo1 (unpublished data), suggesting that Dop1 membrane recruitment is sensitive to alteration of both Neo1 and Arl1. The Arl pathway mutants also exhibited a reduced number of Neo1 puncta/cell ( Figure 2C ). Whereas some Neo1 appeared to be missorted to the vacuole in Arl pathway mutants, a substantial pool of Neo1 was still present in puncta that colocalized with Mon2 ( Figure 2 , A and B), consistent with previous reports that Mon2 localization is not affected by loss of Arl1 (Gillingham et al., 2006) .
The observation that defects in the Arl pathway reduce Dop1 recruitment was unexpected. Mon2 is needed to recruit Dop1 to the Golgi (Gillingham et al., 2006; Barbosa et al., 2010) . Because loss of Arl1 and vps38∆ ( Figure 3B ). Large puncta were similarly observed when a plasmid expressing GFP-Neo1 from its native promoter was introduced into vps13∆ and vps30∆ mutants, indicating that the phenotype was not due to Neo1 overexpression ( Figure 3C ).
The large punctate structures often colabeled with FM4-64 ( Figure 3C ). To determine whether these large puncta are aberrant endosomes, we compared the overlap of Neo1 puncta with Sec7 and the endosome markers Snx4 and Snx3 (Strochlic et al., 2007) . In vps30∆ and vps13∆ mutants, Neo1 showed a significantly reduced colocalization with Sec7 (p < 0.0001), which was more pronounced for large puncta (p < 0.015), indicating that these structures are not enlarged Golgi compartments ( Figure  3D ). Instead, we observed a striking colocalization of the large Neo1 puncta with Snx3 and Snx4 ( Figure 3E ). The total area of all Neo1 puncta also showed an increased overlap with Snx3 in vps13∆ and vps30∆ mutants (p < 0.008; Figure 3E ) and with Snx4 in a vps13∆ mutant (p = 0.029; Figure  3F ). Together these data suggest that Vps13 and Vps30/38 are important regulators of Neo1 trafficking at endosomes.
Vps13 is required for sorting at early and late endosomes
Vps30/38 are two subunits of the type I Vps34 phosphoinositide 3-kinase (PI3K) complex important for maintaining phosphatidylinositol 3-phosphate (PI3P) at endosomes (Kihara et al., 2001) , but the function of Vps13 is largely unknown. Vps13 is required for the recycling of Vps10 at late endosomes (Robinson et al., 1988; Rothman et al., 1989; Redding et al., 1996) . We confirmed that a vps13∆ mutant had significantly reduced levels of the GSS reporter at the cell surface (p < 0.0001), similar to mutants lacking Gcs1 and Snx4, which are known regulators of Snc1 trafficking (Hettema et al., 2003; Xu et al., 2013;  Figure 3G ). This suggests that vps13∆ mutants have altered sorting at early endosomes.
Recent work suggests that Vps13 has a role in the function or maintenance of membrane contact sites (Lang et al., 2015; Park et al., 2016) . However, we did not find that loss of known contactsite proteins caused reduced cell surface levels of the Snc1 reporter in our genome-wide screen (Supplemental Table S1 ). We also determined that mutation of genes important for the formation of different membrane contact sites, including nvj1∆ (NVJ), mdm12∆ (ERMES), and vps39∆ (v-CLAMP), did not cause the accumulation of Neo1 in large puncta ( Figure 3H ). Finally, we found that missense mutations in Vps13 that blocked Vps13 localization to the NVJ and rescued ERMES defects, possibly by enhancing v-CLAMP function (Lang et al., 2015) , were equally effective in rescuing the defective trafficking of the Snc1 reporter or GFP-Neo1 in the vps13∆ strain (p < 0.0001; Supplemental Figure S1 ). Together these results support a new role for Vps13 in the endosomal recycling of Neo1 and the Snc1-based reporter GSS that appears to be independent of its role at membrane contact sites.
selectively affected Dop1, we hypothesized that Arl1 contributes to the stable association of Dop1 and Mon2. We found that the amount of Dop1 that coprecipitated with Mon2 was reduced by ∼30% in an arl1∆ mutant ( Figure 2D ), which supports the idea that loss of Arl1 impairs Mon2-Dop1 binding. These results show that our systematic imaging analysis can detect subtle changes in localization that reflect altered binding of regulatory proteins. Based on these observations, we hypothesize that the Arl1-Mon2 complex is needed to stabilize the localization of Dop1 at the membrane ( Figure 2E ).
Vps13 and PI3K regulate Neo1 transit through endosomes
Defects in trafficking at endosomes can cause proteins to accumulate in endosomal compartments or result in vacuolar missorting. In wildtype cells, Neo1 is largely present in small puncta that colocalize with the Golgi marker Sec7 and is less frequently found in large puncta that may represent endosomes. To identify the set of mutants that cause Neo1 to accumulate in endosomes, we defined an initial group of 10 mutants with a reduced number of total Neo1 puncta/cell (t-statistic < −0.33) and an increased number of large Neo1 puncta (t-statistic ≥ 0.25; Figure 3A ). Reimaging these 10 mutants identified three that exhibit a statistically significant increase in the number of large Neo1 puncta/cell relative to a wild-type strain: vps13∆, vps30∆, Arl pathway mutants exhibit significantly reduced localization of Dop1-GFP, but not Mon2-GFP, at ADHpr-RFP-Neo1 puncta. Error bars report SEM; >300 cells/trial, n = 3. (C) Analysis of ADHpr-GFP-Neo1, Dop1-GFP, and Mon2-GFP puncta per cell from small-scale imaging shows that the number of Dop1 puncta is reduced in Arl pathway mutants but not vps51∆ strains. Error bars report SEM; >300 cells/trial, n = 3. One-way ANOVA with a Dunnett-corrected post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Absence of Arl1 decreases the amount of Mon2-HA that coimmunoprecipitates with Dop1-GFP. Loading of immunoprecipitate relative to lysate was 1.3× (left). Recovery of Mon2-HA relative to Dop1-GFP was quantified by densitometry, and values were normalized to WT (right). Error bars report SEM; n = 3. Two-tailed unpaired t test, ***p < 0.001. (E) Model illustrating the contribution of Arl1 to the stability of the Dop1/Mon2/Neo1 and/or Dop1/Mon2 complex.
at the Golgi (Supplemental Figure S2) , suggesting defects in the anterograde trafficking of Neo1. To find the set of mutants that missort Neo1 to the vacuole, we first selected deletion strains with reduced localization of Neo1 at the Golgi, as defined by a decrease in the total number of Neo1 puncta/cell (t-statistic < −0.33) and reduced colocalization with Sec7 (t-statistic < −0.67; Figure 4A ). This list was further refined by eliminating mutants that accumulate Neo1 in endosomes (large puncta; t-statistic < 1).
This set of 22 mutants was reimaged and reanalyzed, identifying 16 with significantly reduced colocalization between Neo1 and Sec7 relative to a wild-type strain ( Figure  4B ). A subset of the 16 mutants also showed a significant reduction in the intensity of Neo1 puncta ( Figure 4C ), which suggests that they have more-severe missorting defects. Some of these mutations disrupt components of endosome-to-Golgi trafficking pathways, such as the COG and GARP tethering complexes (Conibear and Stevens, 2000; Suvorova et al., 2002; Fotso et al., 2005) , the synaptojanin-like protein Inp53 (Ha et al., 2003) , the v-SNARE Gos1 (McNew et al., 1998) , and the GET complex, which is needed for membrane insertion of SNAREs and other tail-anchored proteins (Mateja et al., 2015) . We confirmed that Neo1 expressed from its native promoter is mislocalized to FM4-64-labeled vacuolar membranes in a subset of these mutants ( Figure  4D ). For example, in mutants lacking the sorting nexin Snx3, Neo1 is found in vacuolar rings, as well as puncta, suggesting a partial defect in retrograde trafficking of Neo1 ( Figure 4D ).
Taken together, these mutants describe a recycling pathway involving SNAREs, SNARE regulators, and tethering complexes that aid in vesicle docking and fusion with the Golgi. Snx3 was the only cargo-selective protein identified by this analysis, suggesting that it may be responsible for recruiting Neo1 into retrograde carriers at endosomes.
Snx3-dependent sorting of Neo1 requires a short amino acid motif in the N-terminal tail
Relatively few proteins (Ste13, Kex2, Pep12, and Ftr1) have been shown to require the cargo-selective sorting nexin Snx3 for recycling from endosomes to the Golgi (Voos and Stevens, 1998; Hettema et al., 2003; Strochlic et al., 2007) . If Snx3 is responsible for sorting Neo1 into retrograde tubules, Neo1 may contain a cytosolic signal that is recognized by Snx3. Members of the P4-ATPase family have a conserved structure, containing nucleotide-binding, actuator, phosphorylation, and translocation domains and regulatory N-and C-terminal cytosolic tails
Identification of factors that regulate Neo1 recycling from endosomes
Our final analysis identified mutants that altered the Golgi localization of Neo1. A few mutants, including the Rab GTPase Ypt31 and Trs33, a subunit of the TRAPP-II complex that regulates GTP exchange on Ypt31 (Tokarev et al., 2009) , caused Neo1 to accumulate FIGURE 3: Vps13 and the PI3K subunits Vps30/38 are required for Neo1 sorting at endosomes. (A) The number of large Neo1 puncta/cell was compared with all Neo1 puncta/cell to identify mutants with intracellular accumulation of Neo1. The t-statistic values represent the number of puncta/cell relative to the mean. The indicated mutants were subject to further analysis. (B) Small-scale reimaging shows significant accumulation of large Neo1 puncta in vps13∆, vps30∆, and vps38∆ mutants compared with WT. Error bars report SEM; >700 cells/trial, n = 3. One-way ANOVA with Dunnett-corrected test: **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Live-cell fluorescence microscopy of WT and mutant strains expressing GFP-Neo1 from its native promoter (pLD27) shows that Neo1 accumulates in endosomes that label with FM4-64. Scale bar, 2 μm. (D) Colocalization of integrated ADHpr-GFP-Neo1 with the Golgi marker Sec7-dsRed was quantified in WT and mutant strains. Error bars report SEM; >700 cells/trial, n = 3. One-way ANOVA with a Dunnett-corrected post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (E, F) Representative images (left) and quantification (right) of (E) Snx3-Ruby and (F) Snx4-Ruby localization to pADHpr-GFP-Neo1 (pMD124) puncta. Error bars report SEM; >700 cells/trial, n = 3. One-way ANOVA with a Dunnett-corrected post hoc comparisons to WT: ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar, 2 μm. (G) Invertase activity overlay assay shows reduced GSS cell surface levels in vps13∆, snx4∆, and gcs1∆ colonies (left), which were quantified by densitometry (right). Error bars report SEM; a.u., arbitrary units; n = 3. One-way ANOVA with Dunnett-corrected post hoc test: ****p < 0.0001. (H) Neo1 does not accumulate in large puncta in contact-site mutants. Left, live-cell fluorescence microscopy of WT and mutant strains expressing pADHpr-GFP-Neo1 (pMD124). Scale bar, 2 μm. Right, number of large Neo1 puncta/cell. Error bars report SEM; >300 cells/trial, n > 6. One-way ANOVA with a Dunnett-corrected post hoc test: ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. the Neo1 N-terminal tail contains an Snx3 sorting signal that specifies its Golgi/endosome recycling.
To find the Snx3 signal, we fused fragments of the Neo1 N-terminal tail to the ALP transmembrane and luminal domains and compared the number of cells exhibiting vacuolar rim localization in wild-type and snx3∆ cells ( Figure 5D and Supplemental Figure S3 , A-C). Deletion of 54 or 80 membrane-proximal residues had no effect on the Snx3-dependent sorting of GFP-Neo1-ALP, nor did the removal of the N-terminal 50 residues. However, further deletions caused localization to the vacuole rim in wild-type cells, suggesting that the Snx3 sorting signal lies between amino acid residues 50 and 104 ( Figure 5D and Supplemental Figure S3A ). This region contains two short stretches of conservation surrounded by poorly conserved sequences (Supplemental Figure S4) . We confirmed that removal of the first 100 amino acids of GFP-Neo1 caused mislocalization to the vacuole ( Figure 5E ). We then mutated conserved residues in each candidate motif to alanines in full-length GFP-Neo1. We observed a significant relocalization of Neo1-F 65 EM > AAA to the vacuolar rim, whereas mutation of Neo1-P 94 LM > AAA had no effect ( Figure 5E ). Thus the conserved FEM residues may be part of an Snx3 sorting signal.
The Neo1-F 65 EM > AAA mutation caused significant mislocalization of the 1-140 chimera to the vacuolar rim. Surprisingly, when this F 65 EM motif was mutated in the 1-195 chimera, there was little increase in vacuolar rim localization (Supplemental Figure S3B ). We also found that the GFPNeo1-ALP chimera lacking the first 100 amino acids was competent for sorting (Supplemental Figure S3C) , but a similar deletion blocked the Snx3-dependent transport of GFP-Neo1 ( Figure 5E ). These results suggest that a membrane-proximal portion of the N-terminal tail contains a second Snx3 sorting signal, but this signal is masked or nonfunctional in the context of the native Neo1 protein. Taken together, these results show that the conserved FEM motif is required for sorting of Neo1 by Snx3.
Neo1 sorting by Snx3 is functionally important
The loss of Snx3 causes partial mislocalization of Neo1 to the vacuole rim. To determine whether mutating the Snx3 sorting motif affects viability, we introduced Neo1-F 65 EM > AAA and Neo1-P 94 LM > AAA plasmids into a strain expressing NEO1 from the GAL1 promoter. When grown on dextrose to repress GALpr-NEO1 expression, the wild-type and mutant plasmids could support cell growth, but strains with the empty plasmid were inviable (Supplemental Figure S5 ). Thus these sequences are not required for the essential function of Neo1. However, strains expressing Neo1-F 65 EM > AAA, but not wild-type Neo1 or the Neo1-P 94 LM > AAA mutant, (Catty et al., 1997; Andersen et al., 2016) . For example, the related flippase Drs2 interacts with trafficking effectors through its C-terminal tail (Chantalat et al., 2004; Hanamatsu et al., 2014) , and the Nterminus is needed for endocytosis of Dnf1 and Drs2 (Liu et al., 2007) . Neo1 has a 195-amino acid (aa) N-terminal cytosolic tail with several conserved motifs and a much shorter C-terminal tail (21 aa).
To determine whether the N-terminal tail of Neo1 contains signals that confer Snx3-dependent sorting, we fused amino acids 1-195 of Neo1 to the transmembrane and luminal portions of alkaline phosphatase (ALP), creating a chimeric GFP-Neo1-ALP protein expressed under the ADH promoter ( Figure 5A ). We found that GFP-Neo1-ALP exhibited significantly reduced colocalization with Sec7 in snx3∆, arl1∆, vps51∆ (GARP), and cog7∆ mutants, similar to that of GFP-Neo1, suggesting that this N-terminal tail contains information that directs endosome-Golgi sorting ( Figure  5B ). GFP-Neo1 and GFP-Neo1-ALP were also both missorted to the vacuolar rim in snx3∆ mutants ( Figure 5C ). This suggests that FIGURE 4: Identification of mutants that cause Neo1 missorting to the vacuole. (A) Plot of Sec7 localization to Neo1 puncta compared with the average number of Neo1 puncta/cell. Indicated mutants were subject to further analysis. (B, C) Quantitation after small-scale reimaging identifies a subset of mutants with (B) reduced Sec7 colocalization with Neo1-labeled puncta and (C) reduced Neo1 puncta intensity compared with WT. Error bars report SEM; >300 cells/ trial, n = 3. One-way ANOVA with a Dunnett-corrected post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Live-cell fluorescence microscopy of WT and mutant strains expressing pGFP-Neo1 under its native promoter shows that Neo1 mislocalizes to vacuoles that are labeled with FM4-64. Scale bar, 2 μm.
Any1 is believed to compensate for reduced Neo1 flippase activity by preserving lipid asymmetry originating from flippases at other cellular locations (van Leeuwen et al., 2016) . Because the trifluoperazine sensitivity of snx3∆ and Neo1-F 65 EM > AAA mutants was suppressed by loss of ANY1 (Supplemental Figure S6) , this drug-sensitivity phenotype likely reflects loss of lipid asymmetry generated by Neo1 flippase activity.
Drs2 sorting into vesicles at the Golgi and endosomes is believed to contribute to the formation of these vesicles (Furuta et al., 2007; Liu et al., 2007; Hanamatsu et al., 2014) . To test whether Neo1 inclusion in Snx3 vesicles is important for the trafficking of other Snx3 cargoes, we examined the sorting of the well-characterized model Snx3 cargo protein A-ALP (Nothwehr et al., 1993) . GFP-A-ALP was missorted to the vacuolar rim in ∼90% of snx3∆ cells (p < 0.0001). A partial but significant defect in A-ALP sorting was also seen for cells expressing Neo1-F 65 EM > AAA (∼30% of cells, p < 0.0001; Figure 6B ). No further increase in A-ALP missorting was observed in a snx3∆ Neo1-F 65 EM > AAA double mutant, suggesting that they work in the same pathway. The A-ALP sorting defect in cells expressing the Neo1-F 65 EM > AAA mutant was not due to a general disruption of endosome function, as these cells did not exhibit CPY missorting (Supplemental Figure S7) or vacuole fragmentation ( Figure 6B ). This suggests that the sorting of Neo1 into Snx3 retrograde carriers aids in the trafficking of other proteins by that pathway. From these results, we propose a model in which Snx3 concentrates Neo1 in recycling tubules, where its lipid flipping activity contributes to the formation and/or function of these tubules ( Figure 6C ).
DISCUSSION
Identification of novel endosometrafficking regulators
A genome-wide screen uncovered new and known regulators of Snc1 recycling at endosomes. We hypothesized that some of these proteins may influence Snc1 trafficking indirectly by sorting one or more flippases responsible for lipid asymmetry. Drs2 and its regulators have well-documented roles in regulating Snc1 recycling from early endosomes (Saito et al., 2004; Furuta et al., 2007; Hanamatsu et al., 2014) . In contrast, the role of the essential flippase Neo1 in this process (Yamagami et al., 2015) has not been studied in detail.
Here we used high-content imaging to identify regulators of Neo1 trafficking with a high degree of sensitivity. We found that many known regulators of Snc1 sorting at endosomes, including the coat proteins Ent3/5 and Snx4/Atg20, did not influence Neo1 exhibited sensitivity to neomycin and trifluoperazine, drugs that cause reduced growth of a heterozygous Neo1 mutant ( Figure 6A ; Hoepfner et al., 2014) .
The Neo1-F 65 EM > AAA and snx3∆ mutants showed a similar pattern of drug sensitivity, and this sensitivity was not further enhanced in a Neo1-F 65 EM > AAA snx3∆ double mutant, suggesting that the snx3 mutant phenotypes result from the perturbation of Neo1 localization and function. Removing the putative scramblase and phosphatases identified in our screen and whether other factors were missed due to bypass trafficking pathways.
The Neo1 binding partners Mon2 and Dop1 also bind Arl1 (Efe et al., 2005; Gillingham et al., 2006; Barbosa et al., 2010) . We found that Mon2 recruits Dop1 to the Golgi (unpublished data), as noted by others (Gillingham et al., 2006) . Our analysis further indicated that Arl1 regulates the localization of Dop1 by stabilizing the Dop1-Mon2 interaction. Mon2 binds Arl1 directly (Jochum et al., 2002) , and genetic suppression experiments suggest Dop1 can bind Arl1 in the absence of Mon2 (Barbosa et al., 2010) , consistent with the formation of a trimeric Mon2-Arl1-Dop1 complex. Our results could explain why Mon2 was identified as a negative regulator of constitutively active Arl1 (Manlandro et al., 2012) : it is possible that, by enhancing levels of the Mon2/Dop1/Arl1 complex, overactive Arl1 sequesters the essential Dop1 protein, an effect that would be reversed by deletion of MON2.
We identified several genes that regulate the trafficking of both Snc1 and Neo1. Mutations in subunits of the COG or GARP tethering complexes or the Ypt6 exchange factor Rgp1, which direct fusion with the Golgi, caused missorting of Neo1 to the vacuole. We also uncovered mutations that cause Neo1 to accumulate in endosomal structures. Loss of Vps30 and Vps38, two subunits of the PI3K complex, reduces levels of PI3P needed for endosomal function (Odorizzi et al., 2000; Burda et al., 2002) . However, the role of Vps13 is unclear. Recent work indicates that Vps13 is present at membrane contact sites (Lang et al., 2015; Park et al., 2016) , and yet mutation of other contact-site components did not block the recycling of Neo1 or Snc1 at endosomes. Vps13 could work redundantly with other contact-site proteins or else have a function in early and late endosome recycling that is distinct from its role at contact sites.
Neo1 is a new Snx3 cargo protein
We discovered that Neo1 is a new Snx3 cargo protein, which is consistent with a recent report that Neo1 is missorted in retromer mutants . Relatively few Snx3 cargo proteins have been identified. In yeast, these include the iron transporter Ftr1, the SNARE protein Pep12, and two membrane-bound proteases, Ste13 and Kex2 (Voos and Stevens, 1998; Hettema et al., 2003; Strochlic et al., 2007) , whereas the Wnt receptor Wntless and the transferrin receptor are sorted by Snx3 in metazoans (Harterink et al., 2011; Chen et al., 2013) . The short conserved sorting motif that we identified in the cytoplasmic N-terminal tail of Neo1 contains a core FEM tripeptide that has some similarity to signals in Ste13 and Kex2 (Wilcox et al., 1992; Nothwehr et al., 1993; Voos and Stevens, 1998) and fits a recently defined Y/F-x-Φ consensus (where Φ is a bulky hydrophobic residue) implicated in retromer and Snx3-based sorting localization. Loss of the Drs2-Cdc50 flippase complex also altered the trafficking of Snc1 but not Neo1, consistent with previous studies (Barbosa et al., 2010) . These results suggest that Snc1 and Neo1 are differentially sorted into recycling carriers at endosomes.
Previous studies demonstrated that Drs2's flippase activity is required for vesicle formation, and this activity is also needed for its own sorting (Chantalat et al., 2004; Liu et al., 2008; Hanamatsu et al., 2014) . However, not all proteins that regulate Neo1 activity at a single trafficking step are expected to alter its steady-state distribution. Overall localization may be unaffected if an alternative or redundant trafficking pathway exists. For example, Drs2 uses a plasma membrane bypass pathway to maintain its Golgi localization when AP-1 vesicle formation is blocked (Liu et al., 2008) . Furthermore, the kinases Fpk1 and Fpk2 regulate the activity but not the localization of Dnf1 and Dnf2 (Nakano et al., 2008) . Neo1 is not phosphorylated by these kinases (Nakano et al., 2008) . It will be interesting to determine whether Neo1 is regulated by other kinases 2016). For example, binding of phospholipids and coat proteins to the autoinhibitory C-terminal domain of Drs2 could ensure that its activity is coupled to vesicle formation (Zhou et al., 2013; Hanamatsu et al., 2014) . Neo1 has a very short C-terminus and an extended N-terminus that contains the Snx3 sorting motif. The Nterminal tails of ATP9A and 9B also specify their differential localization, suggesting this region of the protein binds regulatory proteins (Takatsu et al., 2011) . Although the yeast Snx3 sorting motif is not conserved in ATP9A or ATP9B, other sequences found in Neo1 are present within a region of ATP9B that is necessary and sufficient for Golgi targeting (Takatsu et al., 2011) . Thus future studies may identify new conserved regulators that associate with the N-terminal tail of Neo1 family flippases.
MATERIALS AND METHODS
Yeast strains and plasmids
All yeast strains listed in Supplemental Table S4 were made by homologous recombination (Longtine et al., 1998; Janke et al., 2004; Sheff and Thorn, 2004; Lee et al., 2013; Slubowski et al., 2015) . Strains not listed were made by SGA using parental strains listed in Supplemental Table S4 ; Tong and Boone, 2006) . Strains were propagated in rich medium (YPD: 1% yeast extract, 2% peptone, 2% dextrose) or synthetic medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% synthetic complete mix, 2% dextrose) supplemented with the appropriate amino acids.
All plasmids (Supplemental Table S5 ) were made by homologous recombination in yeast, rescued in Escherichia coli, and confirmed by sequencing. pMD124 was made by PCR-amplifying NAT::ADHpr-GFP-NEO1 from genomic DNA and cotransforming it with linearized pRS413. pMD195 was made by PCR-amplifying NAT:: and PHO8(34-567) using primers that introduce overlapping homology, and cotransformation with linearized pMD124. To make pMD151, the ADH promoter from pMD124 was replaced with the 800-base pair 5′ untranslated region (UTR) of Neo1. pMD192 was made by switching the HIS3 marker with the URA3 gene from pRS416. pLD39 was made by removing sequences encoding GFP from pMD192. To make pLG1, VPS13 as well as the 5′ and 3′ UTR, was PCR-amplified and introduced into the multiple cloning site of pRS416 by homologous recombination. Subsequent mutations were made by homologous recombination using PCR products encoding these mutations and digested with pLG1.
Genome-wide invertase screen
Raw images from the genome-wide invertase-based GSS reporter screen (Burston et al., 2009) were reanalyzed using an in-house script, and values were subjected to background subtraction, normalized to the plate median, and filtered to eliminate absent or very slow-growing strains. Raw values were converted to a z-score and the mean MATa and MATα value was used for the final reported ranking. CLIK analysis (www.rothsteinlab.com/tools/clik) based on BIOGRID version 3.4.128 on 1 October 2015 was used to select a top hit list of 275 unique genes, which were subsequently filtered to remove genes with roles in mitochondrial, ribosomal, DNA, or RNA biology.
High-content imaging screen
Fluorescent reporters were introduced into 128 MATa deletion mutants using SGA technology (Tong and Boone, 2006 ) and a pinning robot (S&P Robotics, Toronto, Canada). Haploid strains were selected on synthetic complete -LEU -LYS -ARG -HIS/URA (strain dependent) medium containing l-canavanine (Sigma-Aldrich, St. Louis, MO), in a large-scale study (Bean et al., 2017) . This tripeptide is frequently associated with conserved acidic and hydrophobic residues. Although a downstream aspartate residue contributes to Ste13 sorting, mutating other nearby residues had little effect (Nothwehr et al., 1993) , suggesting that acidic and/or hydrophobic residues flanking the Y/F-x-Φ motif are not essential but may contribute to optimal signal recognition for some cargoes.
Neo1 activity may promote recycling from endosomes
Of importance, we found that recruitment of Neo1 into Snx3 carriers contributes to the sorting of another Snx3 cargo protein, suggesting that Neo1 lipid flippase activity might help drive the formation of Snx3-dependent recycling tubules. Two models, which are not mutually exclusive, might explain how flippase activity promotes vesicle (or tubule) formation (Graham, 2004) . First, lipid flipping could cause curvature needed for vesicle biogenesis due to accumulation of lipids on one side of the leaflet (Sheetz and Singer, 1974; Natarajan et al., 2004) . Consistent with this model, loss of Drs2 activity does not prevent recruitment of the AP-1 coat but instead appears to block vesicle budding (Chantalat et al., 2004; Liu et al., 2008; Muthusamy et al., 2009) . By extension, Neo1 activity may generate an initial curvature that is stabilized by SNX-BAR proteins, which are believed to be important drivers of curvature at endosomes (Mim and Unger, 2012; van Weering et al., 2012) . In metazoans, in which Snx3 is believed to function independently of retromer-associated SNX-BAR proteins (Cullen and Korswagen, 2012) , flippases may be even more important for generating curvature formation.
Second, lipid flipping by Neo1 could alter the charge, packing, and/or curvature of the endosomal membrane to recruit effectors important for the formation of Snx3 carriers (Graham, 2004) . Drs2-mediated translocation of PS recruits the ARFGAP Gcs1 to promote recycling at early endosomes in yeast , and in mammals, the Drs2-related flippase ATP8A1 recruits EHD1 to recycling endosomes, which is important for the scission of retromer tubules (Lee et al., 2015) . By extension, Neo1 could play a similar role at the yeast late endosome. Although Neo1 activity has not yet been reconstituted in a cell-free system, recent work suggests that it primarily flips PE , consistent with studies showing that the Neo1 homologue Tat-5 is required for PE asymmetry in worms (Wehman et al., 2011) . Because PE is uncharged and conical, increasing the concentration of PE on the cytosolic face is predicted to cause lipid-packing defects without altering membrane electrostatics. This could enhance recruitment of a different set of effectors relative to those recruited by Drs2, which could explain why high levels of Drs2 do not compensate for loss of Neo1 function .
Conservation in higher cells
Recent work suggests that Neo1 family flippases are also important for endosomal sorting in metazoans. Mammals have two Neo1 homologues: ATP9A, which is found at early/recycling endosomes and the trans-Golgi network (TGN), and ATP9B, which is localized to the TGN (Takatsu et al., 2011) . Although the role of ATP9B is unclear, ATP9A is needed for exit of the transferrin receptor and other cargo from Vps35-containing endosomes, whereas vacuolar fusion is not affected (Tanaka et al., 2016) . The transferrin receptor requires Snx3 for its sorting (Chen et al., 2013) . Of interest, ATP9A is required for sorting of Wntless by Snx3 (P. Cullen, personal communication) , consistent with the idea that ATP9A, like Neo1, participates in a Snx3-dependent sorting pathway in mammals.
The activity of many P-type ATPases is regulated by their cytosolic N or C-terminal domains (Zhou et al., 2013; Andersen et al., Cell Profiler MeasureObjectIntensity module, and the intensity of each set of four was averaged for each replicate.
Sequence alignments
Closely related fungal homologues of Neo1 were identified using NCBI BlastP and aligned using T-Coffee (Waterhouse et al., 2009; Di Tommaso et al., 2011) . An image of the resulting alignment was created using Jalview version 2 (Waterhouse et al., 2009) .
Coimmunoprecipitation
Coimmunoprecipitation was conducted essentially as described in Whitfield et al. (2016) with the following changes: frozen spheroplasts were lysed in lysis buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 1% CHAPSO, 1 mM phenylmethylsulfonyl fluoride, and 1× protease inhibitors [ThermoFisher] ). Lysates were incubated 60 min with rabbit polyclonal anti-GFP (Luc Berthiaume, University of Alberta, Edmonton, Canada) and another 60 min with Protein A-Sepharose beads (GE Healthcare, Mississauga, Canada). Beads were suspended in Thorner buffer (8 M urea, 5% SDS, 50 mM Tris-Cl, pH 6.8, 0.1 M EDTA, 0.4 mg/ml bromophenol blue, and 1% β-mercaptoethanol) and subjected to SDS-PAGE.
S-(2-aminoethyl)-l-cysteine (Sigma-Aldrich), and nourseothricin-dihydrogen sulfate (Werner Bioagents, Jena, Germany). Haploid arrays were grown overnight, with shaking, in 96-well plates containing 150 µl of synthetic complete medium and a 5 mm glass bead (Fisher Scientific) and then diluted 1:10 and grown for 3 h before transfer to 384-well glass bottom Matriplates (Brooks, Chelmsford, MA) treated with 0.1 mg/ml type V concanavalin A (inner surface) and SigmaCote (bottom surface; both from Sigma-Aldrich). Images were acquired at room temperature using a Leica TCS SP8 3X microscope with Adaptive Focus Control (Leica Microsystems, Wetzlar, Germany) with an HC PL APO 63×/1.30 Glyc CORR CS objective (Leica) and an ORCA-Flash4.0 digital camera (Hamamatsu Photonics, Hamamatsu City, Japan). Imaging was automated using MetaMorph 7.7 software (MDS Analytical Technologies, Sunnyvale, CA).
Small-scale imaging was carried out as described using concanavalin A-treated 96-well plates. Labeling with 4 µM FM4-64 (Life Technologies, Carlsbad, CA) was carried out in synthetic medium for 20 min at room temperature and chased for >20 min. Images were adjusted using MetaMorph 7.7 and Photoshop (Adobe, San Jose, CA).
Quantitative image analysis
Three parameters were quantified for each image: number of live cells, number of puncta per cell, and colocalization of puncta identified in the green and red channels. Image analysis was carried out using custom MetaMorph 7.7 journals. Live cells were identified and counted using the Count Nuclei application in one channel, using two different thresholds: 1) a low threshold to identify the number and location of all cells, and 2) a high threshold to identify dead cells. All puncta were identified using the Granularity application. Small or large Neo1 puncta were identified with 0.6-1.5 µm or 1.7-2.5 µm size thresholds. To find puncta in live cells, the Granularity application was applied to images in which the dead cells were masked using an inverted image from the high-threshold Count Nuclei step. The number of puncta was then divided by the number of live cells to obtain the number of puncta per cell.
Using the Colocalization application, the overlap of green and red puncta identified in previous steps was measured and divided by the total puncta area (either green or red channel).
All nonsupplemental figures report the t-statistic based on the percentage area of overlapping puncta divided by the total Neo1 puncta area. Because the brightness of the fluorescently tagged proteins and dyes varied significantly from day to day, all comparisons were made between samples acquired on a given day, and an analysis of variance (ANOVA) was used to assess the statistical significance of differences between mutants and wild-type. The t-statistic is reported for all measurements. This is a normalized score in which the raw value is subtracted from the mean of the sample set and divided by the SD of the sample set. A value of zero indicates that the selected mutant behaves similarly to the average, and nonzero numbers indicate the SD from the mean.
Small-scale invertase overlay assay
Strains containing a chromosomally integrated GFP-Snc1-Suc2 reporter were grown overnight in synthetic medium with 2% fructose (SF). Overnight cultures were adjusted to 0.1 OD 600 /ml, spotted on SF plates, and incubated at 30°C for 24 h. Images were taken before and after incubation with overlay reagents (125 mM sucrose, 100 mM NaOAC, pH 5.5, 0.4 mM N-ethylmaleimide, 0.01 mg/ml horseradish peroxidase, 8 U/ml glucose oxidase, 0.6 mg/ml O-dianisidine, and 0.7% agarose) using a Canon Rebel T3I camera (Canon, Tokyo, Japan). Densitometry of each colony was assessed using the
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